Models for estimating the level of apomixis in plant species which employ a flexible reproductive pathway are presented. These models depend on segregation data of marker genes within progeny arrays. The estimators of mating system parameters and their variance are derived for various breeding systems using either dominant or co-dominant diallelic loci.
segregation data of marker genes within progeny arrays. The estimators of mating system parameters and their variance are derived for various breeding systems using either dominant or co-dominant diallelic loci.
For dominant marker loci, the progeny of recessive homozygotes generally contain the most information about the level of apomixis (c). Additional data on hererozygous families are required in order to estimate the gene frequency in the pollen pool (p) or the fraction of ovules self-pollinated (s). In species capable of self-fertiisation, such data are needed to discriminate between the selling and apomictic components and thus avoid overestimates of apomixis.
At co-dominant marker loci, the progeny of heterozygous mothers contribute more information about c than those of the more frequent homozygote.
They can also estimate apomixis without any need for an estimate of the pollen gene frequency. All three parameters (c, s and p) are estimable when progeny data are available from all three kinds of maternal parents.
A multigenic model depending simply on genotypic comparisons is also discussed.
These progeny testing methods are much more applicable to populations where the level of apomixis is high than to detecting rare apomictic events.
The latter are detected more efficiently by cytological procedures. The merits and demerits of estimating apomixis by progeny tests are discussed.
INTRODUCTION
BREEDING systems play a critical role in determining the population structure and evolutionary potential of plant species. They also have important implications in the development of appropriate breeding procedures for crop improvement (Bashaw, Hovin and Holt, 1970) . Consequently quantitative estimates of mating system parameters under field conditions are required by both population biologists and plant breeders.
The classical procedures for the estimation of the level of agamospermy in faculative apomicts involve the cytological screening of sectioned ovules during megasporogenesis. These procedures provide direct and accurate estimates of the relative frequencies of apomictic and sexual embryo sacs. However, they are laborious and time consuming, and this usually precludes the scoring of large numbers of plants. Furthermore the relative frequency of apomictic embryo sacs may not accurately reflect the relative frequency of mature apomictic seed, particularly when pollination is uncertain or there is marked zygotic competition (Barlow, 1958) .
The present paper describes alternative procedures for the estimation of the level of agamospermy in faculative apomicts which avoid a number of the deficiencies inherent in the classical cytological methods. These procedures are analogous to those used in the estimation of the level of 321 outcrossing in predominantly self-pollinating species (Fyfe and Bailey, 1951; Allard and Workman, 1963; Harding and Tucker, 1964) , and involve progeny testing known genotypes taken at random from populations polymorphic for specific marker loci. The maximum likelihood method is then used to estimate the level of apomixis in the population from data on the numbers of each genotype appearing in the progeny of the test plants.
METHODS OF ESTIMATION
In this section the estimation models appropriate for specific mating systems, marker loci and estimable parameters will be discussed as follows: In all models the frequency of apomixis is assumed to be constant for all plants within a population. It is also assumed that autosegregation (Gustafsson, 1947 ) is absent; that is, all apomictic progeny are genetically identical to their maternal parents. Model specific assumptions and symbols are defined as each model is outlined. Consider a plant population polymorphic for a dominant diallelic locus with genotypic frequencies D(BB), H(Bb) and R(bb) in which there is a constant probability, t, of random outcrossing and a constant probability, c, of agamospermy (c + t = 1). If a randoms ample of recessive homozygotes is selected from the population and their progeny scored for the numbers of individuals with recessive (a0) and dominant (a1) 
If p is known, as is the case when the population under study is a contrived one, set up specifically to estimate mating system parameters, the variance of ê is given by:
= t(l -pt)/np (2) and the information per plant (Mather, 1957) :
However, if the true gene frequency is unknown, as is the case, in most studies on natural populations, p (or q) must be estimated from a second randon sample of plants selected from the population and this estimate used in (1) above. In this situation, the variance in ê includes sampling errors in both a1 and p and we have (Kendall and Stuart, 1969) :
Where Vai, V and Cai, represent the variance of a1, the variance of and the covariance between a1 and , respectively. If errors in a1 andp are independent, the covariance term can be ignored. On simplification (4) becomes:
It will be noted that the above expectations are identical, taking into account differences in terminology, to those given by Fyfe and Bailey (1951) for species with mixed selfing and random mating. As a consequence, formula (I) can be used to estimate the level of self-pollination in facultative inbreeders as well as the level of agamospermy in faculative apomicts. The fact that apomixis and self-pollination have identical genetic consequences in progeny tests has important practical implications. In particular, it means that application of the above method to facultative apomicts which are wholly or partially self-pollinated will lead to serious overestimates of apomixis. Procedures which avoid this difficulty and permit the estimation of both the level of agamospermy and level of self-pollination in such species are given in Section (ii). 
If p is known: V t(2-qt)/nq. Previously, we considered the case where a sample of recessive homozygotes or heterozygotes is taken from the population to estimate c and a second sample is taken to estimate p. An alternative procedure is to take a single random sample of plants from the population and score the numbers when p> 1/3 the progenies of heterozygotes give less information per plant and therefore, are less efficient statistically, than progenies of recessive homozygotes ( fig. 1 ). However, as discussed below data obtained from progenies of heterozygotes are required for the joint estimation of c and p (section (i) (c)) or c and the level of selfing (section (ii) (a)) in the population. 
The variance of the estimates are:
where x = (1 -pt)/n1 andy = (2-qt)/n2. The above procedure has the advantage that only a single random sample of plants needs to be drawn from the population. Further, it provides a direct estimate of the gene frequency in the male gametophytic population (pollen pool) and this can be compared with gene frequency in the parental population to test whether all genotypes do in fact contribute equally to the pollen pooi (Harding and Tucker, 1969) .
The variance formulae (11) are useful also when some initial estimates of p and I [ = 1 -c] have been made, but the experimenter would like to increase the size of the progeny test, to obtain a more precise estimate of c. The question arises concerning what proportion of the total experimental effort = n1 + n2) should be devoted to the progeny of heterozygous compared with those of recessive mothers (k = n2/n1). The value of k for which V0 is minimum for a fixed value of X is given by: Ic = /q(2-tq) (12) jp(1-tp) Table 1 gives the ratios of total progenies of heterozygous to homozygous mothers which are maximally efficient. These values depend far more on gene frequency than on the mating system parameter, and in general show that the infrequent class in the original population sample should be increased. The estimation procedures for single homozygotes at co-dominant marker loci are identical with those given in (a) above for recessive homozygotes at dominant marker loci.
(e) Co-dominant marker loci--hetero zygotes If we select a random sample of heterozygotes from a population polymorphic for a co-dominant diallelic locus with genotypic frequencies It will be noted that in this case the maximum likelihood estimate of c and its variance are independent of the gene frequency in the pollen pool. Thus, the use of this procedure avoids the problem of estimating p. Moreover, progenies of heterozygotes at co-dominant loci provide more information per plant than those of the more frequent homozygote. This can be seen by substituting p = 05 into (3 to obtain (15); that is, the information per plant from heterozygotes and homozygous families are equal. Fig. 1  depicts (3) as an increasing function of p. Hence at low values of p, (15) exceeds (3). It follows that the progeny of heterozygous mothers provide more information about c than those of the more frequent homozygote.
However, in many circumstances, one wishes to test the assumption that all genotypes contribute equally to the male gametophytic population, and an estimate of the gene frequency in the pollen pool is therefore required. In this situation, it is necessary to modify the above procedure slightly and score the numbers of two homozygotes appearing in the progenies of the parental heterozygotes separately. 
c + t)n Total
The joint maximum likelihood estimates of c andp are:
and the variances of the estimates:
(f) A plurality of segregating loci
When individual plants of predominantly outcrossing species such as
Zea mays (Brown and Allard, 1969) , Phalaris tuberosa (McWilliam et al., 1971 and unpublished) and Arrhenantherum elatius (Brown, unpublished) are subjected to electrophoresis and assayed for a series of non-specific enzymes such as esterases or peroxidases, the zymograms obtained usually display each individual in the population as genetically unique. In other words, sufficient loci are segregating in the population that inspection of half-sib arrays for genetically identical individuals can be undertaken without a knowledge of the genetical basis of the allozyme variants (Smith, 1972 ).
This procedure is less rigorous than that based on single specific marker loci, but may be the only practical alternative where allozyme patterns are so complex as to preclude a Mendelian analysis. A similar procedure can be applied to progeny counts, where the classification into sexual or apomictic progeny depends upon a diversity of phenotypic comparisons (Pommer, 1972) .
A multigenic model is also relevant to another situation; that is where many Mendelian genes are indeed scored separately but the estimates of apomixis thus obtained from each locus differ significantly. This would arise if one of the markers was non-randomly associated with a gene predisposing to apomixis (Harlan et al., 1964) . This problem is analogous to that encountered in the estimation of outcrossing (Harding and Tucker, 1964) . It seemed appropriate therefore to develop a model to estimate the level of apomixis based on multigenic data.
There are two kinds of experimental cases; the first where the maternal genotype is assayed together with each half-sib progeny array, and the second where only the half-sibs are assayed and direct information on the mother is lacking. In the first case where a total of n haif-sibs are each compared with their maternal parent we have the following expectations. 
Observed number Expected number
However, when the comparisons which detect genetic identity must be made between the progeny themselves, at least two apomictic seeds must occur within a progeny array for the event to be detected. 
If p is known, the variances of the estimates are:
If p is estimated experimentally, the approximate variances for .and ê are:
Where Vg1, Va2, and V, are the variances of a1, a2 and respectively. Total In this case, the maximum likelihood estimates of s and c are:
c = 2a1/n-l.
It will be noted that if p q, s is undefined. This is due to the fact that if gene frequencies are equal, selfing and outcrossing have identical genetic consequences.
If p is known, the variances of the above estimates are given by:
while if p is estimated experimentally, the variances are approximately: n3(c+s+tp) In this general model n1, n2 and n3 are the total numbers of progeny scored from each of kind mother. There are four degrees of freedom and three parameters (p, s and c) to estimate. Maximum likelihood estimators cannot be formulated explicitly so that the so-called scoring method must be used. The scoring method is outlined in the Appendix I for this case.
Discussion
The procedures described here permit the estimation of the level of agamospermy in facultative apomicts under a wide variety of circumstances. These procedures offer a number of advantages over the classical cytological methods. First, and most important, they permit the scoring of large numbers of individual plants (Tinney and Aamodt, 1940) . Consequently, these procedures are ideal for the extensive surveys required to study the impact of environmental factors on the incidence of sexuality in faculative apomicts. Such studies have previously been restricted by limitations of cytological methods (Knox and Heslop-Harrison, 1963; Knox, 1967; Evans and Knox, 1969) . Second, progeny test procedures, when used in conjunction with morphological marker loci, reduce the need for specialised equipment and expertise. As a result, these procedures are of special value for field stations and experiment farms where both equipment and expertise are often lacking. Finally, progeny tests provide a direct measure of the relative frequency of apomictic seed. Such an estimate is of greater popula.. tional significance than the prezygotic estimate afforded by cytological techniques.
Nevertheless, progeny tests are not without their disadvantages. In fact, two major reservations need to be stated concerning the use of segregation patterns for marker genes among progeny as a measure of apomixis. First, this kind of data quantifies the proportions of progeny according to some preconceived model. Before a particular model can be used it must be established by independent tests that the model is valid. For example, the fact that a particular species can reproduce by agamospermy should be demonstrated by the examination of ovules. Tests should also be carried out to determine whether a species can seif-fertilise and whether apomictic autosegregation occurs.
Second, progeny test procedures are relatively inefficient in detecting rare apomictic events. This arises from the following consideration of the models graphed in fig. 1 . The curves show that the minimum value of i1, the information per plant, for estimating the level of agamospermy obtains when p = 1/3 (given that one could choose either homozygous or heterozygous families). At this point V = t(3-t)/n. Therefore the sample size required to demonstrate c>O with 95 per cent certainty is: n 4(l-c)(2+c)/c2
For low values of c, extremely large progeny sizes are required to demonstrate c >0. For example, if c = 005 approximately 3000 progeny must be scored to achieve this objective. In sharp contrast, the screening of 4(1 -c) Ic = 76 ovules cytologically would achieve the same end. Consequently, the use of progeny tests should be restricted to those species or populations where c> 0.20. For lower values of c, cytological procedures are to be preferred in most circumstances. It is interesting to note that to demonstrate t> 0 with 95 per cent certainty when p = 1/3 under the same model requires: n 4(3-t)/t.
When t = 0.05 a progeny size of n = 236 is required to demonstrate t> 0.
It follows that in most situations progeny testing methods can detect rare outcrossing events more efficiently than rare apomictic events. In all models, it has been assumed that the frequency of agamospermy is constant among all plants in a population. This assumption will be unrealistic in many species and this may affect the accuracy of estimates obtained. Fortunately, the validity of this assumption can be easily tested by estimating c for each individual family and testing the estimates for heterogeneity using standard procedures (Mather, 1957) , and the appropriate adjustments made to the estimation procedure.
APPENDIX
The scoring method for estimating outcrossing, apomixis and gene frequency in the general case This formulation follows that given by Elandt-Johnson (1971) in which the approximation procedure is based on the Taylor expansion. First, the problem is simplified by substituting X = ip and r = tq. We now require estimates if c, X and T. Table 2 gives the expectations and partial differentials with respect to each parameter for each data class. The initial approximations are: j+1 Successive estimates of X, T and s are obtained until a satisfactory level of approximation is reached; for example when the difference between two successive estimates of a parameter is less than 1 per cent of its value. The variance and covariances of these estimates are contained in I.
To obtain estimates of I and p from X and I we use the formulae:
